C r y s ta l S tr u c tu r e o f P ip e ra z in iu m D ib ro m id e M o n o h y d r a te a n d P ip e ra z in iu m M o n o io d id e Jutta Hartmann *, Shi-Qi Dou, and Alarich Weiss Institut für Physikalische Chemie, Physikalische Chemie III, Technische Hochschule, Darmstadt, West Germany Z. Naturforsch. 44a, 41-55 (1989); received October 22, 1988 The l'Br and 12 I NQR spectra were investigated for 1,2-diammoniumethane dibromide, -diiodide, 1,3-diammoniumpropane dibromide, -diiodide, piperazinium dibromide monohydrate, and pipera zinium monoiodide in the temperature range 77 ^ T/K ^ 420. Phase transitions could be observed for the three iodides. The temperatures for the phase transitions are: 400 K and 404 K for 1,2-diammoniumethane diiodide, 366 K for 1,3-diammoniumpropane diiodide, and 196 K for piperazinium monoiodide.
Introduction
Recently we have studied the nuclear quadrupole resonance (NQR) spectra of halogen ions (79Br and 12 I) in several toluidinium and paraphenylenediammonium halides [1] , [1,4- 
(H3N)2C6H4]2+ • [I]2~
, paraphenylenediammonium diiodide, is an interesting substance. At T = 1 3 9 K a phase transition occurs, which is most probably of higher order than 1. By passing the transition temperature, the symmetry of the solid is lowered. In the high temperature phase, phase I, stable at T >TC= 139 K, the point symmetry of the iodide ions in the lattice must be tetragonal or higher because the asymmetry parameter of the elec tric field gradient tensor, >/(127I) = \@xx -<Pyy |/| <£,z | is zero. Below Tc, in the low temperature phase II, >7(127I) becomes non-zero, proving the lowering of the site symmetry of the iodine atoms in the lattice. Preliminary X-ray work shows that the unit cell of the high temperature phase I is tetragonal, with Z = 2 formula units in the unit cell. From the information gained on anilinium bromide and anilinium iodide [ [2] [3] [4] [5] [6] [7] [8] , it is assumed that the phase transition is con nected with the dynamics of the -NH3 group in the solid.
It seemed to be of interest to study diammonium alkyl halides [H3N(CH2)"NH3]2 + • 2X", X = Br, I, and hydrohalides of cyclic non-aromatic diamines in order to observe there the possible onset of dy namic order-disorder of the hydrogen bond system -N -H ...X . In the following we report on 79Br and 127I NQR studies of: 1,2-diammoniumethane di bromide, C2H 10Br2N2; 1,2-diammoniumethane di iodide, C2H 10I2N2; 1,3-diammoniumpropane dibro mide, C3H 12Br2N 2; 1,3-diammoniumpropane diio dide, C3H 12I2N2; piperazinium dibromide mono hydrate, C4H 14Br2N 20 ; piperazinium monoiodide, C4Hj !lN 2. The crystal structure of the later two com pounds is reported, too.
Experimental Preparation, Chemical Analysis
The compounds were prepared by mixing stoichio metric portions of the amines, dissolved in H20 (or mixtures of H20 /C 2H50H), and diluted aqueous HBr and HI, respectively. The compounds were crystal lized from the solutions either by cooling or by evapo-0932-0784 / 89 / 0100-0041 $ 01.30/0. -Please order a reprint rather than making your own copy. Table 1 .
Crystal Structure Determination
Small crystals of piperazinium dibromide monohydrate and of piperazinium monoiodide were grown for single crystal diffractometry from solution in mixtures C2H50 H /H 20 and methanolic solution, respectively, by evaporation of the solvent. X-ray dif fraction intensity data were collected on a four circle goniometer (MoKa radiation). By use of direct meth ods the crystal structures were determined and refined by least squares procedure. qBr and 12 I Nuclear Quadrupole Resonance Polycrystalline samples of the compounds studied were investigated by use of a NQR spectrometer working in the superregenerative mode with sideband suppression and magnetic modulation. The following frequency ranges were covered to search for the reso nance frequencies: 1.2-diammoniumethane dibro mide, 12.5 MHz 20 MHz; 1,2-diammoniumethane diiodide, 14 M H z-34 MHz; 1,3-diammoniumpropane dibromide, 11.5 MHz-23.1 MHz; 1,3-diammonium propane diiodide, 7 MHz-40 MHz; piperazinium di bromide monohydrate, 12 MHz-23.1 MHz; piper azinium monoiodide, 11 M H z-43.5 MHz. For the bromides studied, the frequency range covered was selected wide enough to observe in every case the 8'Br NQR frequencies corresponding to the 79Br NQR spectrum. They have been observed and the ratio v(79Br)/v(81Br) = Q (79Br)/Q(81Br) = 1.197 was found. For measurements of the temperature depen dence of the NQR spectra, the appropriate sample temperatures were generated via thermostats (tem perature range and estimated error in T, method): 300^(T±0. 
Results

Crystal Structures
In Table 2 we have listed the experimental condi tions under which the structure determinations of the piperazinium compounds have been performed. Also given are the space groups, lattice constants, and mass densities. The positional and thermal parameters found for piperazinium dibromide monohydrate, C4H 14Br2N20 , are listed in Table 3; Table 4 gives these parameters for the compound piperazinium monoiodide, C4H n IN2. The intramolecular dis tances and angles for the piperazinium di-cation, [C4H 12N2]2+, are given in Table 5 . Note that this ca Table 3 . Positional and thermal parameters of piperazinium dibromide monohydrate C4H14Br2N,0. The temperature factor is of the form T = exp {-2 n2(U1, h2 a*2 + U22 k2 b*2 + U33 I2 c*2 + 2Ul2hka* b* + 2U13hla* c* + 2U23klb* c*)}. The Uu are given in (pm)2; U is the isotropic mean for the hydrogen atoms. The errors are given in brackets. (67) 600 tion is centrosymmetric. Figure 1 shows a sketch of this cation. The intramolecular distances for the H20 and some interionic distances for piperazinium di bromide monohydrate are given in Table 6 . Figure 2 shows the overall structure of the piperazinium monocation.
[C4HUN2]+. There are two mono-cations in the asymmetric unit of the elementary cell. Intramolecular distances and angles for the piperazinium monocations 1 and 2. appearant in the lattice of piper azinium monoiodide, are listed in Table 7 . Interionic distances for piperazinium monoiodide are given in Table 8 . 
109.4(33) 
are smooth and no sign of a phase transition is ob served. In contrast to 1,2-diammoniumethane dibro mide, 1,2-diammoniumethane diiodide, C2H i0I2N2, shows phase transitions. In Fig. 4 the 127l NQR fre quencies are plotted as a function of temperature for this compound. Jumps are observed in v (T) for both transitions, v1(ra = + l/2 <-> m = ± 3/2) and v2(m = ± 3/2 <-> m = ± 5/2). As can be seen, the transitions are more strongly revealed by the transition m = 1/2 «-» m = 3/2 than by m = 3/2 «-* m -5/2. By solving the secular equation [9] , from the 127I NQR transitions the nuclear quadrupole coupling constant (NQCC), eQ<P:=h~l (127I), follows, e is the unit charge, Q the nuclear quadrupole moment, h Planck's constant and <£>,, -e q the z-axis of the electric field gradient tensor with its principal axes &xx, <Pyy, and < t> zz {&zz^& yy ^ < t> xx). In tion of temperature as is eQ & .-h^1 (12T). Both, the NQCC and r\ show the two phase transitions, one at about 400 K, one at about 404 K, and it is interesting to note that in two of the phases, in the low tempera ture phase III of C2H 10I2N2 and in the middle phase II, the asymmetry parameter r/C2 I) is non-zero, whereas it is zero for the high temperature phase I. For 1,3-diammoniumpropane diiodide, C3H 12I2N2, we have observed a phase transition, too. In Fig. 6 the 12 I NQR frequencies are plotted as a function of temperature and Fig. 7 shows the NQCC for the two crystallographically inequivalent iodine ions together with the corresponding asymmetry parameters.
The 9Br NQR of piperazinium dibromide mono hydrate. C4H 14Br2N20, is a smooth one line spec trum in the whole temperature range we have fol lowed up. The curve v(79Br) = /(T ) is given in Figure 8 . Finally we have studied piperazinium monoiodide, C4H n IN2. In Fig. 9 the 127I NQR fre quencies are shown as a function of temperature. There are two iodine ions in the asymmetric unit cell of this compound, and accordingly four 127I NQR lines are observed. Single crystal work or a spin echo double resonance, SEDOR, experiment would be necessary to assigne the two transitions m = +1/2 <-> m = +3/2 and the two transitions m = + 3/2 <-> m= + 5/2 to the two crystallographically independent iodine atoms. Due to the lack of information, we are unable to extract from the resonance frequencies the NQCC's and the tfs. However, from the resonance frequencies we find a phase transition at 196 K which is most probably of higher order than 1.
The experimental results v(79Br, 127I) can be ratio nalized by a polynomial vi(T) = S(fl, r ) , i = -1,..., 2 .
(1) i
In Table 9 the parameters a,-are listed for the com pounds studied and for the temperature range covered. In case of a phase transition the temperature range is broken up in appropriate sections. Finally, in Table 10 , we give, for convenience, v(7QBr) and v(12~I) of the title compounds for a few selected temperatures.
Discussion
Piperazinium Dibromide Monohydrate
In the solid state of piperazinium dibromide mono hydrate, C4H 12Br2N2 • H20, we find a monoclinic lat tice, space group Cfh-C 2/c with Z = 4 formula units in the unit cell, built up from piperazinium di-cations, [C4H12N2]2 + , bromide ions, Br , and molecules H20. The di-cation has chair conformation (see Fig. 1 ) with a center of symmetry at the center of the plane of the four carbon atoms. The molecules H20 are located at an axis 2. The nitrogen atoms as well as the carbon atoms are nearly tetrahedrally coordinated and the deviations of the angles C ( Table 3 are given for the molecules and atoms marked by an asterisk. The dotted lines symbolize hydrogen bonds. Dots of different gauge mean that the hydrogen bonds are in different altitudes of the unit cell.
and 149.8 pm, slightly larger than d(C -N) found in anilinium salts (144.5-147.6 pm) [4] , The carboncarbon distance is within the range expected. We can compare the compound with piperazinium dichloride monohydrate, which is isotypic to piperazinium di bromide monohydrate. Rerat [10] Table 11 a scheme of the hydrogen bonds of piperazinium dibromide monohydrate and piperazinium monoiodide is given. Figure 10 b gives the most prominent hydrogen bond distances and angles (detail of Figure 10 ). The bromine Table 10 . 79Br NQR frequencies for the studied ammonium bromides, 127I NQR frequencies, asymmetry parameters rj and quadrupole coupling constants for the investigated ammonium iodides at selected temperatures T. a For this compound we are not able to decide clearly which two NQR frequencies belong to the same iodine atom. Therefore it is not possible to calculate the asym metry parameters and the quadrupole cou pling constants. Table 11 . Hydrogen bond scheme: hydrogen bond distances (in pm) and angles (in degree) in a) piperazinium dibromide monohydrate C4H14Br2N20 (refered to Fig. 10b) NQR shows the classical Bayer-type behaviour [12] in its temperature dependence, see Figure 8 . The temper ature coefficient dv/dT(79Br) is, however, rather strong for an ionic lattice and both, the hydrogen bonds and the librational motions of the cations and the H20 may be responsible for this.
Piperazinium Monoiodide
Piperazinium monoiodide crystallizes with a noncentrosymmetric space group, C2V -P m n21, Z = 4 for mula units in the cell. There are two crystallographically inequivalent mono-cations in the unit cell. In Fig. 2 one of these cations is drawn and intramolec ular distances and angles are given for both cations in Table 6 . Both cations have chair conformation and the geometry of both is determined by mirror planes at which the atoms N ( [14] ). In Fig. 11 the projection of the crystal structure of piperazinium monoiodide is shown along the axis [100], In the chosen setting, Pmn21, the c-axis of the crystal is the polar one. The polarity is mainly -and visible due to the polar orientation of the piperazinium mono-cations. The non-protonated ni trogens of the two crystallographically independent cations, N (2) and N (4) are located on the plus-side of the cation (if we introduce a direction in Fig. 11 going from z -0 to z = 1). Piperazinium monoiodide crystallizes with a layer structure; the nitrogen atoms, the hydrogen atoms at the nitrogens, and the iodine ions are located at .x = 0 and x = 1 /2. The space be tween is filled by the CH2 groups of the cations, and the C4 plane of the piperazinium ring is perpendicular to the plane (be). The two independent piperazinium ions are practically perpendicular to each other (the C4 planes form an angle of 82.4° (see Figure 11) ). The hydrogen bonds N -H ...I connect anions and ca tions; thereby chains are formed nearly parallel to [012] and [0l2]. Hydrogen bond distances and angles for piperazinium dibromide and piperazinium mono iodide are listed in Table 11 . There is no hydrogen bond contact and only weak van der Waals interac tion between the two layers at x = 0 and x = 1/2.
In Table 12 interionic distances and angles of hydrogen bonds are listed for organic ammonium bromides and iodides; halogen NQR data are avail able for all compounds considered.
The 12"I NQR spectrum of piperazinium mono iodide reflects the results of the crystal structure determination. Two crystallographically independent iodines are found. Further experiments are necessary to determine the asymmetry parameters // and the nuclear quadrupole coupling constants e2qQh~1 (127I). The interesting result of the NQR measurements is the observation of a phase transition, occurring at %196 K and indicated by the sudden change of the sign of dv/dt, see Figure 9 . It is very likely that this phase transition is of higher order, since there is no jump in the frequencies. The factum of two crystallo graphically independent iodines is preserved in the low temperature phase, too.
1.2-Diammoniumethaneand 1,3-Diammoniumpropane Halides
The temperature dependence of the 79Br NQR spectrum of 1,2-diammoniumethane dibromide and 1.3-diammoniumpropane dibromide shows typical Bayer-type behaviour, that is increasing resonance frequencies with decreasing temperature. We do not know the crystal structure of 1,3-diammoniumpropane dibromide. NQR, however, shows that both com pounds must crystallize with a centrosymmetric space group, and for 1,2-diammoniumethane dibromide the structure is known (monoclinic, C2/m, Z = 2) [21] . Since only frequencies are available and not asymme- try parameters and nuclear quadrupole coupling con stants, it is too speculative to attribute the large differ ence in v(79Br) between 1,2-diammoniumethane di bromide and 1,3-diammoniumpropane dibromide to an alternation of the nuclear quadrupole interaction with alternating number of the CH2 groups in the paraffin chain.
There must be a break in structure by going from the bromides to the iodides.
The 12 I NQR spectrum of 1,2-diammoniumethane diiodide, which was studied from the decomposition temperature down to 77 K, reveals two phase transi tions in the range 390 ^ T/K. ^ 420, see Figs. 4 and 5. Each of the three phases, the one stable at room tem perature (phase III), the one existent between 400 K and 404 K, and the one stable above 404 K, shows two 127I NQR lines. Therefore there is only one crystallo graphically independent iodine in the unit cells of these three phases. (The transition vl (m = ± 1/2 <-> m= ±3/2) could not be followed up at temperatures below 150 K, most probably because of saturation). It is interesting to note that the high temperature phase I must belong to a tetragonal, hexagonal, or cubic space Table 12 . Interionic distances (in pm) and angles (in degree) Table 12 (continued) of hydrogen bonds in organic ammonium bromides a n d group, because rj(12 I) is zero. The two 127I NQR transitions show a contrary temperature behaviour, and e2 q Q h~1 (12^I) of phase III goes through a maxi mum at T^310 K. This may be caused by librational motions of the NH 3-and/or CH2 groups of the cation. The 12 I NQR spectrum of 1,3-diammonium propane diiodide is also quite informative. The four observed transitions show two iodines in the asym metric unit of the (unknown) unit cell, see Figure 6 . Furthermore, at 366 K a phase transition occurs. The high temperature phase I must be centrosymmetric (only one iodine is in the asymmetric unit of the elementary cell). The phase transition is connected with a hysteresis, as seen from Figs. 6 and 7. The large difference in the nuclear quadrupole coupling con stants of the two crystallographically independent iodines is most probably based on considerable asym metry in the N -H ... I hydrogen bond system of this compound.
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